INTRODUCTION
Global warming has accelerated noticeably in the past 25 years. Model simulations indicate a rise in mean global surface air temperature by about 0.18-0.358C per decade during the next 100 years due to increasing concentrations of CO 2 and other greenhouse gases in the atmosphere (Houghton and others, 2001) . One of the most visible consequences of climate warming is the retreat of glaciers. Monitoring the mass balance of the temperate glaciers in Iceland is interesting. These glaciers are very sensitive to climatic changes due to marine conditions in Iceland. Most of the Icelandic glaciers have been retreating since about 1995, following a continuous warming since the mid-1980s (Jó hannesson and Sigurðsson, 1998) . The Icelandic climate is very sensitive to changes in atmospheric circulation and ocean currents in the North Atlantic (Mackintosh and others, 2002) . Consequently, glacier reactions in Iceland could indicate changes of these circulation patterns which are linked to global climate variations. Furthermore, the massbalance status and the glacier runoff are important to the management and planning of hydropower, which is of great economic value to Iceland.
The aim of this study is to investigate the feasibility of using remote-sensing data (space-borne optical and radar) for continuous glacier mass-balance monitoring in south Iceland. Satellite imagery enables continuous monitoring of large, remote areas. An advantage of radar over optical data is the independence from cloud cover and daylight. Synthetic aperture radar (SAR) microwaves can penetrate through clouds and also dry snow. However, on SAR images it is often difficult to delineate the glacier margin because of poor backscatter contrast between the glacier terminus and the surrounding moraine. In this case, optical imagery proves very useful, as was shown by Hall and others (2000) for Hofsjö kull ice cap, Iceland. On the other hand, glacier ice and wet snow or firn can be discriminated on radar images. Thus, the annual evolution of the transient snowline (TSL) and the firn line (FL), if exposed in summer, can be monitored (e.g. Rott and Mätzler, 1987; Kö nig and others, 2001; de Ruyter de Wildt and Oerlemans, 2003) . Most of the preceding work relating radar backscatter to glacier surface and near-surface characteristics analyzed 0 backscatter images (dB values) in order to separate the glacier into different zones. For example, Forster and others (1996) concluded from investigating Hielo Patagó nico Sur (HPS; the South Patagonia Icefield) with shuttle imaging radar (SIR-C/ X-SAR) imagery that 0 changes are closely linked to elevation and air temperature. Hall and others (2000) showed the same for Hofsjö kull ice cap by analyzing a European Remote-sensing Satellite (ERS) SAR time series. In addition, they investigated the late-summer FL. Fahnestock and others (1993) found distinct glacier surface boundaries on the Greenland ice sheet with ERS-1 SAR data and suggested that monitoring the location of the boundaries can reveal changes in local climate conditions long before they result in a change in the ice-sheet geometry or dynamic. A few studies utilized a combination of optical and radar imagery for glacier investigations (e.g. Hall and others, 2000; de Ruyter de Wildt and Oerlemans, 2003) .
This study uses optical data from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) to delineate the glacier margin and determine the area extent of Mýrdalsjö kull ice cap, Iceland. Furthermore, Envisat Advanced SAR (ASAR) data from 2004 and ERS-2 SAR data from earlier years are visually analyzed for snowand firn-line monitoring. For this we used the findings of previous work regarding the radar-backscatter/glaciersurface interaction and then concentrated on the digital mapping of the detectable glacier zones. These data were implemented in a Geographical Information System (GIS) for further analysis and comparison. Thus, mass-balance conditions could be investigated qualitatively and then linked to weather data from nearby stations.
STUDY AREA
Mýrdalsjö kull, the fourth largest ice cap in Iceland, has an area of about 590 km 2 (Fig. 1) . It is located on the south coast of the island (63840 0 N, 19805 0 W) and at the southeastern end of the neovolcanic zone. The glacier ice covers the active volcano Katla which last erupted in 1918. Two eruptions have occurred within the Katla system every century on average during the last 1100 years (Larsen, 2000) . Therefore, an eruption is expected in the near future. In addition, deloading due to a glacier mass loss induced by climate warming is also considered as a possible triggering mechanism for a future eruption (Sigvaldason and others, 1992) .
This study visually analyzes the entire Mýrdalsjö kull ice cap. Morphologically the ice cap can be divided into a plateau, where the ice forms a contiguous cover down to about 1300-1000 m a.s.l., and the peripheral zone below, where the ice cap splits into separate outlet glaciers (Fig. 1) .
Ice lobes exist in the east and the north, such as Sléttjö kull with a slope of <58. Outlet glaciers on the western and southern side are much steeper. Só lheimajö kull in the southwest shows typical characteristics of the tongue of a valley glacier. It terminates at 120 m a.s.l., the lowest point of Mýrdalsjö kull, while the highest point is at about 1500 m a.s.l. (Goðabunga). Orographic effects are important due to the mountainous topography. The windward southeastern slopes receive more snowfall than the northwestern slopes in the lee of the ice cap itself. This affects the position of the snow-/firn line. Temperature is mild for the latitude, due to the moderating influence of North Atlantic Drift waters that extend around the south coast of Iceland (warm Irminger current). The combination of warm ocean waters and a general southeasterly wind direction leads to a very high annual precipitation of >4000 mm on the southeastern slopes of Mýrdalsjö kull and at least 2000 mm on the northwestern side (Mackintosh, 2000) . More than 80% of the annual precipitation falls between September and May (Bjö rnsson, 1979) .
There are no in situ mass-balance data available for Mýrdalsjö kull, and very few remote-sensing data of the ice cap have been analyzed so far (two ERTS-1 (Landsat) images from 1973 by Crabtree (1976) ; one Multispectral Scanner Landsat image from 1973 by R.S. Williams in Björnsson (1978) ; and one ERS-2 image from 1996 by Brown (1998) (Sigurðsson, 1998 (Sigurðsson, , 1999 (Sigurðsson, , 2000a (Sigurðsson, , b, 2001 (Sigurðsson, , 2002 , , b, 2004, 2005) . Due to the large size and inaccessibility of Mýrdalsjö kull, the use of remote-sensing methods for investigating the whole ice cap is recommended.
DATA

Satellite images
Of all recorded ASTER images of Mýrdalsjö kull from the launch of the Terra satellite in December 1999 until the end of 2004, there are only five useful, i.e. cloud-free, scenes. The resolution of the ASTER images is 15 m in the visible and very near-infrared spectrum (bands 1-3). These three bands were used to determine the glacier margin.
Due to frequent cloudiness in Iceland, radar imagery is very valuable for continuous monitoring of Mýrdalsjö kull ice cap. The Envisat satellite, launched in March 2002, carries the ASAR sensor in continuation of the ERS-2 SAR mission. Data from these two radar sensors were used for this study. In total, 25 images of Mýrdalsjö kull, most of them from 2004, were available ( Table 1 ). The ERS-2 SAR and Envisat ASAR data were ordered as single look complex (SLC) images and processed to a pixel size of 12 m. Both radar sensors operate in C-band at a wavelength of 5.6 cm. All radar images used were acquired with vertical transmit-andreceive (VV) polarization. While ERS-2 scenes are imaged with a mean look angle of 238, the ASAR antenna is steerable and seven different look angles (IS1-IS7, 14-458) can be chosen by the user. The ASAR images of Mýrdals-jö kull were ordered in image modes IS2 (238) and IS5 (388). Thus, a continuous ASAR data series for the year 2004 was built up with a temporal resolution of up to 9 days, including ascending (asc.) and descending (desc.) orbits (Table 1 ). The series was used for monitoring dynamic surface changes over 2004. In addition, two ERS-2 images from the end of mass-balance years 1997/98 and 1998/99, respectively, were used for investigating longer-term mass-balance fluctuations. For this study, there was no further SAR imagery available that could have been used to investigate other mass-balance years.
Additional data and image processing
Topographic maps from 1990 (DMA, 1990) were used to generate a digital elevation model (DEM) and for subsequent orthoprojection of all available satellite imagery, based on a common map projection (Universal Transverse Mercator, WGS84 zone 28). For the ASTER images a horizontal and vertical referencing accuracy of <15 m (1 pixel), i.e. displacement between image and reference map, was achieved. In order to optimize geocoding of the radar images, ten corner reflectors were used. These corner reflectors were installed in 1995 on five positions around Mýrdalsjö kull. At each location, one reflector was orientated towards the ascending orbit and another towards the descending orbit. The corner reflectors are clearly identifiable points on the ERS-2 and ASAR images and therefore serve as high-quality ground-control points (GCPs). Due to the lack of infrastructure in the area surrounding the glacier (resulting in no easily identifiable features for GCPs), geocoding without corner reflectors would be difficult, time-consuming and imprecise. However, an accuracy of less than 1 pixel, i.e. 12 m, was achieved with the help of corner reflectors. The geocoding of some winter images required the use of topographic maps in addition to corner reflectors, as some of the reflectors were not visible, possibly because they were filled with wet or heavily metamorphosed snow, preventing sufficient backscatter.
After the geocoding, a few satellite images had to be coregistered, i.e. made to conform to each other to remove slight displacements between the images. This is very important for boundary delineation and comparison. It has to be mentioned that the radar images were not radiometrically corrected, and thus no 0 backscatter images (dB values) were generated. This processing step is only necessary for quantitative, not for visual, image analyses.
In addition to the satellite imagery, oblique photography from an aerial survey in 2004 and local knowledge was helpful for delineating the glacier margin in questionable regions on the ASTER images. Weather data from eight nearby weather stations, of which seven are located south and one east of Mýrdalsjö kull, were obtained from the Icelandic Meteorological Office. For the year 2004, hourly and daily data of different meteorological parameters (e.g. temperature, precipitation and wind) were available.
Monthly mean values of temperature and precipitation, recorded since 1961 at two nearby weather stations (Vatnsskarðshó lar and Vík), were downloaded from the Internet (http://www.vedur.is).
RADAR IMAGE ENHANCEMENT
After geocoding and co-registration, an image enhancement operation was applied to the summer radar scenes. Various techniques were tested in order to optimize the contrast between wet snow and glacier ice for visual boundary detection. The following three-step method was found to be the best: First, an 'inverse' image is generated (default function available in ERDAS Imagine), then a Lee sigma filter is applied twice, using a 3Â3 window, followed by a 5Â5 window. 'Inverse' is a brightness inversion function which emphasizes detail that would otherwise be lost in the lowdigital-number (low-DN) (dark) pixels. In addition, the input data range (DN 0-255) is scaled to 0-1.0. The Lee sigma filter reduces the radar speckle, i.e. areas become more homogeneous and boundaries are sharpened. The result of these image enhancement steps is illustrated in Figure 2 .
IMAGE ANALYSIS
After image processing, boundaries were manually digitized on the satellite images in ESRI's ArcGIS environment. While the ASTER images were used for delineating the glacier margin, the glacier surface changes were monitored using the radar images.
Glacier margin
To delineate the whole glacier margin of Mýrdalsjö kull ice cap, four ASTER images from 2004 were necessary (Table 1) . Most of the glacier margin was detected on the image acquired on 23 September 2004. However, additional data were needed because of clouds over the southern outlet glaciers on that scene and due to debris cover on the glacier front of Sléttjö kull in the north and Kö tlujö kull in the southeast. Debris cover is not distinguishable from the glacier forefield on summer images. However, the debriscovered glacier margins were clearly detectable on the winter images because the two outlet glaciers terminate on a sandur plain, forming a distinct topographic edge. It is assumed that the regional-margin changes within the observation period (March-October) are not considerably larger than the ASTER image resolution, which allows us to produce a continuous glacier margin for 2004.
Snow-/firn-line monitoring
In late summer, only two glacier facies can be observed on Mýrdalsjö kull: the wet-snow facies and the ablation facies (classification according to Benson, 1962; Williams and others, 1991) . This is typical for temperate glaciers (Paterson, 1981) . The wet-snow facies consists of melting snow and/or melting firn. Firn is defined as snow that is at least 1 year old, to distinguish it from snow fallen in the mass-balance year under consideration (Oerlemans, 2001) . At the end of a mass-balance year, the wet-snow facies and the ablation facies, i.e. the bare glacier ice, are separated either by the TSL or, if firn is exposed, by the FL, depending on the weather conditions during the ablation season. The discrimination of snow and firn is important for the detection of the equilibrium line (EL). The EL equals the TSL at the end of a balance year, and its position contains information about the mass balance.
The boundary between the wet-snow facies and the ablation facies is detectable on radar images (e.g. Rott and Mätzler, 1987; Hall and others, 1995) . The discrimination of wet-snow facies and glacier ice is based on the difference in their backscatter intensity: wet snow absorbs the radar signal, while glacier ice shows strong backscattering due to surface roughness. However, it is not possible to discriminate snow and firn on single-polarized C-band radar images due to similar backscatter values (e.g. Kö nig and others, 2001; de Ruyter de Wildt and others, 2002) . Consequently, the TSL or EL at the end of the mass-balance year is only visible on radar images if no firn is exposed at the glacier surface. Nevertheless, the temporal and spatial evolution of the TSL, which varies each year, also contains information about the mass balance of a glacier. De Ruyter de Wildt and Oerlemans (2003) explain that the TSL or FL on a glacier separates the area of high albedo (snow/firn) and relatively low albedo (ice) which strongly determines the amount of surface melt and hence the mass balance. In addition, the evolution of the TSL reflects the accumulation history of the preceding winter. As the TSL position affects the amount and timing of seasonal melt discharge, its evolution yields interesting information for hydrologic research.
Since the boundary between wet snow and bare ice on radar summer images is either the TSL or the FL, it is abbreviated to TSL-FL (first used by de Ruyter de Wildt and Oerlemans, 2003) in this study. Furthermore, the term 'radar glacier zones', introduced by Forster and others (1996) and also used by other authors (e.g. Forster and others, 1997; Smith and others, 1997; Ramage and others, 2000) , was found to be more appropriate than using the glaciological facies definition. In contrast to the glacier facies, which imply an annual timescale, the radar glacier zones develop on a timescale of days and weeks. Forster and others (1996) define four radar glacier zones which they found on the temperate HPS by comparing C-and L-band imagery from the space-shuttle missions in 1994: a relatively dry-snow zone, a moderately wet-snow zone, a wet-snow zone (with weak returns in both bands) and a bare-ice zone (with strong returns in both bands). Analyzing C-band data, on Mýrdalsjö kull only a wet-snow zone and a bare-ice zone can be observed. At the end of the melt season, these zones equal Benson's wet-snow and ablation facies, respectively. Smith and others (1997) show for the Stikine icefields, British Columbia, Canada, that meltwater production is affected by the development of these radar glacier zones.
In this study, the TSL-FL, separating the wet-snow zone and the bare-ice zone, was manually delineated on seven ASAR summer images of Mýrdalsjö kull, acquired between 11 April and 10 September 2004. The latter image marks the end of mass-balance year 2003/04 due to snowfall on 16 and 17 September below the FL and a consecutive snow cover throughout the winter. The TSL-FL was also clearly detectable on the ERS-2 images from the end of August 1998 and 1999. It was found that ASAR IS5 descending images are preferable over ascending and IS2 images for TSL-FL digitizing due to the topography of Mýrdalsjö kull with its steep western outlet glaciers. These cause sensor oversaturation due to topographic foreshortening and layover.
On three summer images, acquired during the 2004 melt season, the TSL-FL could not be detected due to areas within the wet-snow zone that show unusually high backscatter values, similar to those of the glacier ice. Bright areas within the otherwise dark wet-snow zone are also visible on other summer images, but there they do not disturb the course of the TSL-FL. De Ruyter de Wildt and Oerlemans (2003) found similar bright backscatter areas within the wetsnow zone on 5 out of 43 ERS-1/-2 SAR summer images of Vatnajö kull ice cap, located northeast of Mýrdalsjökull (see Fig. 1 ). Analyzing the weather data from stations close to Mýrdalsjö kull, the isolated high backscatter values seem to be caused by increased surface roughness or a decrease in snow wetness due to special weather conditions such as a rainstorm, a strong temperature drop (refreezing), or a dust storm from the sandur plains. These are only short-term events and therefore alter the radar glacier zones only for a few hours or days. In the case of a rainstorm and a sharp temperature decrease, this is confirmed by Forster and others (1997) using sub-daily space-shuttle SAR imagery for investigating HPS. Due to the isolated bright areas within the wet-snow zone on Mýrdalsjö kull, automatic zone detection with a k-means algorithm could not be successfully applied over the glacier surface.
Since the C-band SAR signal is able to transmit through dry snow, often winter images are used to detect the position of the EL or FL from the end of the mass-balance year (e.g. König and others, 2001; Engeset and others, 2002; Storvold and others, 2005) . In the case of Mýrdalsjö kull, however, winter radar images are not useful for mass-balance observations because melting conditions also occur frequently in the winter (see Table 1 ). Thus, the winter snow cover is no longer transparent for C-band radar.
RESULTS
Estimation of errors
All processing steps introduce some uncertainty in the area measurements. However, all area uncertainties are small compared to the large area of Mýrdalsjö kull and its wetsnow zone. Two kinds of errors can be discriminated: systematic and random errors. The latter are introduced by the analyst during the mapping of glacier boundaries on the satellite images. Systematic errors result from the spatial resolution of the satellite data, the DEM resolution and generation as well as the geocoding of the imagery. There is a maximum displacement error of AE12 m for ERS-2 SAR and Envisat-ASAR data and AE15 m for ASTER data. The displacement error introduced by the DEM resolution is AE20 m in the vertical and AE12 m in the horizontal direction. From the DEM generation an error of AE2.6 m in height (from digitizing contour lines) plus an unknown interpolation error has to be added. The geocoding accuracy is AE1 pixel for all used imagery. After orthoprojection the accuracy must be reduced to less than 1 pixel.
Thus, delineation of the glacier margin on 15 m resolution ASTER images results in an error of AE4 km 2 for the glacier area. The DEM used in this study is the largest source of error for the calculation of glacier areas. This is due to elevation changes of the ice cap in recent years. A maximum error of 1.5% is estimated for the whole glacier area. The relative accuracy of the results, however, is very high due to the use of corner reflectors for radar image geocoding, which allows a highly precise (sub-pixel) co-referencing of the individual radar images.
Area of Mýrdalsjö kull
It is important to know the present area of a glacier for a quantitative mass-balance comparison with past and future years which can then be related to a climatic change. The glacier area is needed for determining the accumulationarea ratio (AAR), a characteristic of glacier mass balance (see section 6.4). By delineating the glacier margin of Mýrdals-jö kull on ASTER images and combining it with the existing DEM, a total glacier area of 586 AE 13 km 2 was determined for 2004. At the beginning of the 20th century, the area was about 700 km 2 , measured from topographic maps (Bjö rnsson, 1978) . The extent of the glacier then shrank to about 596 km 2 in 1973, as determined from a Landsat satellite image (80 m resolution) by R.S. Williams (in Björnsson, 1978) (the error margin is estimated to be AE22 km 2 , resulting from the coarse image resolution). The area reduction of Mýrdalsjö kull in the second half of the 20th century, compared to the first half, corresponds to in situ measurements of the Só lheimajö kull terminus (Sigurðsson, 1998) . Such long-term glacier variations can be investigated by monitoring the glacier area. However, for short-and medium-term reactions of a glacier to changes in climatic conditions, it is necessary to measure the mean specific mass balance (B m ). Without having in situ B m data, as in the case of Mýrdalsjö kull, the AAR is a suitable parameter for describing the state of a glacier. The AAR, determined from the calculated equilibrium-line altitude (ELA), and B m correlate significantly (Oerlemans, 2001) . The use of SAR data for AAR determination is discussed in section 6.4. The next subsection shows the results of the radar glacier zone analysis by comparing snow-and firn lines as well as investigating their position and evolution within a Geographical Information System (ArcGIS by ESRI). Figure 3 shows the result of the ASAR 2004 summer image analysis as described above. On six summer images, the boundary between the wet-snow zone and the glacier ice zone was digitized to monitor the spatial and temporal evolution of the TSL-FL. During the melt period, a reduction of the wet-snow zone by 335 km 2 was measured, with the largest daily area loss in June (see Table 2 ), even though the highest air temperatures were reached in August. This indicates that firn was exposed on the glacier surface in summer 2004. In general, the FL maintains a more stable position than the TSL, because of higher densification of the snowpack and thus lower melt rates. Furthermore, 2004 was an unusually warm year. Therefore, the boundary of the wetsnow zone, as determined from the 10 September 2004 radar image (white in Fig. 3) , is assumed to be the latesummer FL. For this situation, the FL represents the theoretical maximum extent of the accumulation area. A more accurate position of the EL cannot be derived from the analysis of the 2004 ASAR single-polarized C-band imagery. The altitude of the FL varies over the large ice cap due to orographic effects. In 2004, its lowest position, 1020 m a.s.l., is on Kö tlujö kull outlet glacier, which is located on the maritime and windward eastern side of Mýrdalsjö kull. It reaches a maximum of 1160 m a.s.l. on Entujö kull, located on the more continental and drier northwestern side. On Sléttjö kull the transition between the windward and the lee exposition of the glacier is visible, where the FL gradually decreases in altitude from west to east (Fig. 3) . The position of the FL, influenced by the mountainous topography of the ice cap, can best be investigated when overlain on the DEM and displayed in three dimensions (e.g. using the program ArcScene within ArcGIS). Figure 4 illustrates the development of the TSL-FL altitude during the 2004 melt season on six outlet glaciers of Mýrdalsjö kull. Due to the different topographic influences on Sléttjö kull, the glacier has been separated into an eastern and western part. Figure 4 demonstrates that changes in the TSL-FL altitude are in general reduced between 6 August and 10 September. It is assumed that in late July the TSL reaches the FL. Afterwards the wet-snow zone consists of snow and firn which cannot be distinguished. Figure 4 also shows that for most of the melt season the TSL-FL is at higher altitudes on Só lheimajö kull than on the other windward outlet glaciers (Kö tlujö kull, Sandfellsjö kull, Sléttjö kull east). This is probably due to higher direct and indirect sun irradiance because of its south-facing slopes and the proximity of the ocean.
The snow-and firn lines in 2004
As already mentioned, the TSL-FL contains information about the mass balance of a glacier since it separates highand low-albedo zones and shows an annual evolution characteristic of the balance year under investigation. Many glaciological studies use the ELA to infer the mean specific mass balance. However, de Ruyter de Wildt and Oerlemans (2003) have successfully correlated the average altitude of the TSL-FL, derived from ERS SAR images, during the second half of the melt season with in situ mean specific mass-balance (B m ) values for some drainage basins of Vatnajö kull. For this study, it would be interesting to test the relationship between B m and the temporal evolution of the wet-snow zone. In this case, no smoothing of the TSL-FL altitude would be necessary, and the method could be applied to large entire ice caps like Mýrdalsjökull. However, this method requires in situ B m values which are not available for Mýrdalsjö kull.
Mass-balance fluctuations
In Figure 5 , the wet-snow/bare-ice zone boundaries delineated on the late-summer radar images from 10 September 2004, 21 August 1998 and 22 August 1999 are displayed together for relative mass-balance investigations. Snowfall on Mýrdalsjö kull occurs mainly between September and April, i.e. the mass-balance year generally ends in early September. From analyzing the evolution of the 2004 radar glacier zones (see section 5.2), it is obvious that the melt season ended at the beginning of September 2004 at the latest. A comparison of all available summer radar images shows that in early August 2004 the TSL-FL had already reached a higher elevation than in the late-August images of 1998 and 1999. Moreover, the air temperatures recorded at Vatnsskarðshó lar station, located 13 km south of the Mýrdalsjö kull glacier margin, show significantly lower August temperatures in 1998 and 1999 compared with 2004 (mean temperature difference of 3.5-4.08C). Due to the comparatively cold late-summer temperatures, it is assumed that the two late-August images from 1998 and 1999 represent the end of the ablation seasons. Thus, the TSL-FL of these images can be interpreted as the FL or EL of mass-balance years 1997/98 and 1998/99. In Figure 5 , a large displacement between the three snow-/firn lines is especially recognizable on the flat and extended Sléttjö kull.
The considerable distance between these late-summer snow-/firn lines indicates a distinct mass-balance difference between the three balance years. Given the proximity of the warm ocean and the low altitude of Mýrdalsjö kull, high annual mass-balance fluctuations are not surprising.
The late-summer radar imagery of Mýrdalsjökull enables a relative mass-balance comparison without the need for in situ data. The FL in late summer 2004 is clearly located above the other boundaries in Figure 5 , i.e. the massbalance year 2003/04 is highly negative compared to 1998 and 1999. Area measurements show that at the end of summer 2004, 124 km 2 more glacier ice was exposed to melting than in 1999. The boundary in 1999 is located at a lower elevation than at the end of the previous balance year. Thus, the delineated boundary must be the snowline and represents the EL for the 1998/99 mass-balance year. The year 1999, with a value of -0.26 m w.e., was less negative than 1998 (-0.77 m w.e.), which is in agreement with our observations. The mass-balance situation of the three investigated years at Mýrdalsjö kull is well reflected in the annual mean air temperatures measured at Vatnsskarðshó lar weather station (cf. Figs 5 and 6 ). The mean temperature in 2004 was 1.28C higher than in 1999, but 1999 was 0.28C colder than 1998. The mean winter temperatures (NovemberMarch) are low enough in all years to prevent considerable runoff from the glacier, and the annual precipitation does not show significant variation. This suggests that the summer temperatures are the driving factor for massbalance fluctuations at Mýrdalsjö kull ice cap. This is in agreement with Jó hannesson and Sigurðsson (1998) who also found a general relation between summer temperatures and glacier fluctuations in Iceland. Furthermore, the duration of the melt season at Mýrdalsjö kull has increased in recent years due to increasing mean temperatures in April and September.
CONCLUSIONS
This study shows that remote-sensing data are of great use for continuous mass-balance monitoring of Mýrdalsjö kull. The investigation of this large ice cap (586 AE13 km 2 ), which is located in a sparsely populated area, would not be possible without the use of remote-sensing data.
Analysis was carried out on several ASTER images, a time series of Envisat ASAR images for the year 2004 and two ERS-2 SAR images, acquired at the end of mass-balance years 1997/98 and 1998/99, respectively. This combination of optical and radar satellite data proved to be very useful for mass-balance investigations. The sensors acquire different characteristics of the glacier surface and subsurface and thus yield complementary information when combined. With four ASTER images from 2004, the whole glacier margin was delineated and the area of Mýrdalsjö kull determined. For glacier margin detection, summer as well as winter optical images are required. It was found that winter SAR images are not useful for mass-balance studies at Mýrdalsjö kull because of frequent surface melt conditions even during wintertime. However, with summer SAR images the dynamic glacier surface changes during the ablation season can be continuously monitored. The TSL is detectable as long as no firn is exposed. It is known that wet snow and wet firn cannot be discriminated on single-polarized C-band SAR imagery. Consequently, the EL is often not detectable because most mass-balance years have been negative for the last decade. Therefore, we suggest mass-balance investigations by monitoring temporal and spatial fluctuations of the snow-and firn line rather than the EL. We propose a SAR image enhancement method which improves the contrast between glacier ice and wet snow/firn, allowing better manual delineation of the snow-or firn line. Furthermore, we introduce the term FAR (firn-area ratio) in addition to the known AAR (accumulation-area ratio). The FAR can be used for mass-balance investigations if the radar imagery reveals the FL and not the EL.
Quantitative mass-balance measurements still require in situ data besides remote-sensing data. With this study, conclusions of relative mass-balance fluctuations of Mýr-dalsjö kull between 1998 and 2004 could be made. In cases where the vertical balance profile is known (e.g. from field measurements), the relative position of the EL allows quantification of the mass-balance conditions. For years where only the FL can be detected, at least a quantitative estimate of the mass balance can be made. The massbalance fluctuations of Mýrdalsjö kull are reflected in the change in annual mean air temperatures recorded at nearby weather stations, with the summer temperatures the driving factor. With a mean temperature of 6.38C, the year 2004 was unusually warm and shows, with a FAR of 0.43, a highly negative mass balance. 
